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\

D. N. Baker,R.

HIGH-ENERGY(> 0.3 MeV) SUBSTORM-RELATED
MAGNETOSPHERICPARTICLES

D. Belian,P. R. Higbieand E. W. Hones,Jr
Universityof California,Los AlsmosScientificLaboratorY

.Los Alsmos,New Mexico 87545

Measurementsboth at 6.6 ~ and in.the plasma sheet (L 18 RE)
show that high-energysubstorm-aweleratedparticlesoccur prefer- . .
entiallywhen the solar wind speed (Vsw) is high. Virtuallyno >
0.3 MeV protons,for example,are observedin associationwith sub-
stormsthat occurwhen Vs is < 400,,@/seo. On the other hand, the
probabilityof observing~igh-energy protons Is very large, both at
geostationaryorbitand in the plasmasheet, when V~w is > 700
ldsec. Theseresultssuggestthat realtimemonitoringof interplan-
etary conditionsoouldallow simple,effe~tive prediction of high-
energymagnetospherlopartioledisturbances.

,

Measurableintensitiesof high-energy(0.3-2.0MeV) substorm-relatedpar-
tioles appear to be produced in only a small fraction(10-20%)of all sub-
storm~ ~~., 1976; EAWXUUL, 1978; JMMu&L., 19781. This
occurrencefrequencyis generallyfoundboth for electrons[e.g*1~
B-, 1978]and for protons. Furthermore,partiolesof these energiesoccur
with similar frequenoyboth at.synchronousaltitude (6.6 RE) in the outer
radiationzone and in the distantplasmasheet (2 18 ItE)o

Absoluteintensitiesof the high-energypartiolecomponentare generally
rather low when comparedto the fluxesof other substorm-acceleratedparti-
cles. Nonetheless,the very energeticparticlescan be quitedisruptive,when
present,due to their penetratingoharacter. Recent work has shown rather
clearly the aonditlonsunder which such particlesare produoed,and in this
paper we lJIsousssimplemethods for predictionof hlsh-energysubstormparti-
cles from a knowledgeof interplanetaryplasmaand magneticfieldconditions.

The measurementsto be disoussedin this paper were made with Los Alamos
SoientiflciLaboratory Instrumentsaboard several different earth-orbiting
spacecraft. The Charged-partioleAnalyze~ (CPA) instrumentsare on board
spacecraft1976=059Aand 1977-007Awhioh are both at the geostationaryorbit.
Energetioprotonmeasurementsmade by variousVela spaoeoraft(P 18 RE) have
been desorlbedpreviouslybywsq [1976].



The CPA instrumentmeasures low-energyelectrons (LoE) Clndlow-ener6Y
protons (LoP). The respectiveenergyranges for the LoE and LoP subsystems
are 30 A E < 300 keV and 0.15 < E < 0.6 MeV. The CPA also measureshigh-
energyelec$rons(HiE)and high-ene& y protons(HiP). The HiE and HiP energy
rangesare, respectively,0.2A Ee~< 2.o MeV and 0.4~ Eps 150 MeV. Because
the gecstationaryspacecraftunder discussionhere have no onboard magnetom-
eters, pit~h angle distributionsof > 30 keV electronsare calculatedin a
self-consistent manner (see ~ [19771 and ~,
[19781). Usinga sphericalharmonicanalysisand least-squaresfittingtech-
nique,the symmetry.a%isof the second-order(pancakeltor ‘tcigar”)pitoh angle
distr !mtionof the > 30 keV electronsdefinesthe localmagneticfielddirec-
tion. The colatitude(or meridionaltilt)of the local field line calculated
in this ~,ayis called eB; the second-orderelectronanisotropyamplitudeis
called C-. (C- < 0 correspondsto a pancake distribution,whereas C= > 0
correrpo$dsto ~ cigardistribution.)

&

OF ~

exampleof’one kind o’~high-energyproton enharicement
the geostationaryorbit. Early on October 2, 1976

Figure 1 shows an
ccmmonly observed at
several substorm‘tinjection~ttof lower-energy(< 300 keV) protonsand-elec-
trons were detected by CPA ins+.rumentatlonaboard spacecraft 1976-059.
Notable among these‘injectims was that which occurred at @ 0~20 UT when
spacecraft76-059wag at o 0200 LT. As seen in Figure 1? this injectionevent
had associatedwith it protonsextendingin energyup to at least @ 1.0 MeV.

At the higheren&gies (generally> 300 keV) theinjected protonsappeared
in the form of rather narrow,’well-definedpulses of particles. Significant
dispersionis seen since higher energy channels show flux Increasesbefore
simAlarincreasesare seen at lower energies. t?otethat in each energyrange
thereale severalclear pulses,or “echoes,~tas the protons drift azimuthally
aroundthe earth [&L1.QD&w 19781.

As seen by the parameter ‘B the local magnetic field was In a very
stretched,or taillike,configurationprior to @ 0430 UT, but this relaxed
towarda somewhatmore dipolarconfigurationafter the particleInjection.

Tl,e~’ghly disturbed geomagneticconditionsobserved during the early
portioriof October2 are seen in the Meanookand Great Whale Rivermagnetogram
traces shown in Figure 2. Especiallynoteworthyis the very large negative
bay in the Great Whale H-componentbeginningat @ 0420 UT. This substorm
enhancementis plausiblyrelatedto the protonInjeationobservedat 6.6 llE.

We find both drift-echo(DE) and nondrift eoho (NDE) types of proton
enhancementsat gecstationaryorbit. In contrast to the DE type of event
shownafter@ 0420 UT in Figure 1, NDE eventsshow oleer flux enhancementsbut
by definitionthere is not a ve~y evidentpulsedbehavior’of high-energypro-
tons in thesecases.

In Figure3 we show severaldifferen~kindsof data. The upper two panels
of the figure show daily averages,respectively,of the proton and eleotron
intensitiesneasured by the CPA dboard spacecraft76-059. Selectedener~y
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Figure 1. Seleoted CPA data from spaoeoraft 1976-059A for a portion of
Ootober2, 1976 Inoludingeleotronsin variousenergy ranges (as labeled)in
the upper two panelsand protonsin the third and fourthpanels from the top.
The botto~two panelscontaininformation(as desoribedin the text) obtainec!
from the low-energyeleotronaniaotropies: 0 is the inferredlonal magnetio
field direation and C

+
~Is the > 30 keV e eotron second-orderanisotropy

amplitude. A tiajor eature seen in these data is high-energy proton
drift-eohoevef? beginningat @ 0420 UT (and at a spacecraftlocal time of o
0200 ) ,
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Figure2. Ground-based’magnetogramtracesfrom Meanook(reaches❑agneticnlid-
nightat 0900 UT) and Grea~Whaie River (midnightat 0600 UT) showingsubstorm
activityearlyon October2, 2976.

ranges (out,oF many available) are shown for a two month period, viz,,
November-December1976. Also shownare the 12-houraveragesof the solarwind
speed, V (third panel), the interplanetary@ 1 MeV proton flux (fourth
panel), !~e daily number of DE plus NDE events seen at spacecraft76-059
(fifthpagel),and flnally, the Kp daily sum (sixthpanel).

As may be seen, K generallycorrelateswith Vsw, More Importantlyhere,
however, It is also %ggested by Figure 3 that synchronousaltitudehigh-
energy proton and eleotron flux profiles,the number of DE end NDE proton
events,and even interplanetaryenergetioprotonbursts correlatefairlywell
with V~w.

I

I

The correlationof high-energyproton enhancementsat 6.6 llE with Soiar
wind speed Is summarizedIn a atatistioalfashion in Figure 4. The upper
panel of the figureshows the solar wind speed ooeurrenoedistributionfor e
one-yearperiod (July 1976-June1977). The raw numbersof DE and NDE events
seen during vai*lou~ solar wind speed intervalsare shown in the aeoondpanel.
Finally,by normalizingthe panel2 distributionsby the distributionin panel
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A aompositeplot of variousdata sets for Novemberand Deceqber.of
1976. The upper two panels show, respectively,CPA proton and eleotronflux
profiles at 6.6 RE. The third panel shows the 12-hour solar wind sped
averages (~ourtesyof J. R. Aabridge,S. J. Bame, W. C. Feldman,and J. T.
Gosling). The fourth panel shows the interplanetary,flux of 0.97-1.85MeV
protons (~r.G U4@QLMmL The fifth panel shows the daily number of
CPA hdgh-energyprotuneventsobservedduringthe period. Finally,the bottom
panel shows the Novembsr-DeosmberK dally sum, ZK . As disaussed in the
te%t,severalcorrelationsbetweenthg va]’iousdata s%s are evident.

i ,.
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Figure4. The upper panel shows that betweenJuly 1976‘“=~dJune ‘
solar wind speed ocmurrenaedistributionpeaked stronglybetween
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50 and 400

km/see. The-seoondpanel shows that most DE and NDE events ouourredwhen V~
.,

waa > 400 kmlaeo. When panel 2 data are normalized by the data of panel 1, ~
strong positive correlation is found between proton flux inoreases at 6.6 RE
and solarwind speedas shown in panel 3.
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1, we get t&e relative occurrence probabilityof high-energyproton eventsat
synchronousorbit.

We see that althoughV“w is C 400 km/seemuch of the time during 1976-77,
relatively speaking almos~ no high-energyprotun enhancementsoccur duriu
these low-speedconditions. However, as V~w increases above 400 km/seo the
probabilityof observinga.high-energyprotonenhancementincreasesdramatic-..
ally. .

This dependence on solar wind speed is not restrict~d to 616 n .
,.

5
As seen

in Figure 5, very Simll- results obtain for high-energy pro on events
observedin the plasmasheet by Vela indxwmqntation. In the third panel of
Figure 5 we have normalizedthe probabilityto 100 for the 650-700 km/see
interval. Hotioethe changein scaleand the very strengincreasein relative
probabilitywhen V~w > 700 km/see. :,

Not only the number .of substorm-r~l~t~devents depends on solar wind
speed,but alsotheabeolute intensityof.eacheventdependson the associated
v~ ● This is demonstratedin Figure6 whj:h shows the observedpeak proton
In?ensitles‘measured~by the CPA plotted vt%qus V~w. We have broken the

. observationsinto three, sectors.accordingto the.spa.cecraftlocation.atthe.
~ time the drift-echo“eventswere deteoted.. As discussed by - et &

[19.781,the 10CS+1!Xm~ variationseen in Fi6ure6 may be relatedto dispersion.... .
effects as partioles.move away from injectionregions and also may reflect
drift-shelleffectsdue to strongcross-rnagnetosphericelectricfields, None.

.. ... thelsss, a. su’bstanti.hl positive correlation .between. peak flux and solar wind
speed is seen in each local time sector.

,,. Finally,we also find magnetospherichigh-energyproton enhancementsto-
have a noticei~bletendencyto occur when the interplanetarymagnetic field
(IMP)*is southward. As shown by the statisticalresults related to Vela
observationsin Figure 7, the total IMF magnitudeis not abnormallylarge
during these events (panel (a)). However,panel (b) shows.that @ 95$ of the
Vela events occurred followingat least a one-hour period of predominantly
southwardIMF (B < O). Panels (o) and (d) ~showthe occurrencefrequencyand
median observed%.S MeV fluxes,respectively,plottedversus the combination
cf.the observed V for each event (i.e., the Y-componentof the
interplanetaryele$’ri%}i~?d, IEF). Substantialdepenclenceson the magni=
tude of tie dawn-to-duskcomponentof the interplanetaryeleotricfield (IEF)
are suggested.

!s,.

The foregoingwumlts suggestratherstrorglythat realtimemonitoringof,
the Interplanetaryplasma and magnetic field aould permit a quite simpleand”
useful prediction sc?heme. As a minimum,users who wished to know whetheror
not substcjrm-relatedpartialesof hundredsof keV (or above)aould be expeated
need only find out the solar wind velocity. This seems to be the simplestand
nest fundamentaleorr~.atlon: if Vswis low, say < 400 Ian/see,then high-
energy, sutstorm-aocaleratedpartiol.osare extremelyunllkelythroughoutthe
outer magnetosphere;conversely,if Vmu is very high, say z 700 km/see.then
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Figure 5. Data similar to Figure l+, but for Vela plasma sheet proton enhance-
ments. In the lower panel we have normalized the relative probability to 100
between650 and 700 km/see. The relativeprobabilityof a high-energyproton
event increasesdramaticallyat high V~w.
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the probabilityis very high that a substormwill produce copiousquantities
of’high-energyprotonsan~ eleotrons.

.

There may be deeper and more detailedcorrelationsthat can be inferred
(CF., Figure 7). These more quantitative correlations appear to require
knowiadge of the IMF, as well as Vsw. Furthermore,theremay be some speoifio
feature,such as the fluctuationspectrumof the IMP, the IEF, ate., which
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actually ‘producesn the large acceleration events observed when v iS hi@.
Nonetheiesi!, our results s@gest that whatever the mechanism, it %curs only
when solar wind speed is high; other 1P changes appear to contributein a.
a~~ondaryway to this feature.

In summary,it appears that.a real time monitoring of Vsw and the IMP
could provide both a qualitative and a quantitative prediction of the proba-
bility for the occurrenceand intensityof > 0.3 MeV substorm “elatedener-
getic particles. These predictions would seem to have validity both in the
outer radiationzones (L * 5-8) and in the magnetotail.
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